Introduction
Permanent Magnet Synchronous Motors (PMSMs) have been gradually applying to robot arm applications such as intelligent robots as well as industrial robots due to high power density, large torque to inertia ratio, and high efficiency. Especially in a battery-driven robot application, the power density and high efficiency of the PMSM have been more important.
In a PWM inverter-fed PMSM drive, a dead time should be inserted in the gate drive signal to prevent shoot-through in the DC link caused by the simultaneous conduction of both switches in one inverter leg [1] . During the dead time period, both switches in the same leg are turned off before either one is closed. This distorts the inverter output voltage resulting in phase current distortion, torque pulsation, harmonic loss, and degradation of control performance. In addition to the dead time, there are immeasurable nonlinearities such as a voltage distortion or nonlinear voltage gain in a PWM inverter [2] . This is mainly caused by the inherent nonideal characteristics of switching devices such as the finite turn-on/off time and voltage drops. While the dead time is set in the controller as a fixed value, the physical characteristics of the switching devices are not known exactly. Furthermore, they may vary according to the operating conditions such as the temperature, DC link voltage, and current level. Such nonlinearity in the inverter gives undesirable influences on the robot arm application and this performance degradation is more severe at low speed region.
To deal with such a problem, various approaches have been proposed. First attempt was to use the off-line compensation scheme [3] . However, it is not easy to compensate the dead-time and inverter nonlinearity exactly by the off-line basis since the switching times and voltage drops of the switch may vary during operations due to the current level, operating frequency, DC link voltage, and temperature. To overcome such a limitation, several on-line techniques such as the compensation scheme based on a look-up table [4] and the compensation based on the circuit detecting diode conduction [5] have been presented. These schemes, however, require additional hardware or circuits. In addition, only the dead time has been compensated without considering the inverter nonlinearity such as the finite turn-on/off time and voltage drops of the switch.
Recent trend is to use an estimator-based on-line scheme without any additional hardware [1] , [2] , [6] , [7] . These works employ similar schemes consisting of disturbance estimation and feedforward control, and thus, have the similar drawback that the estimator has to track the time-varying disturbances. Furthermore, the estimating performance under the parameter variations had not been considered. The disturbance voltages due to the dead-time effect and inverter nonlinearity contain the sixth-order harmonic component in the synchronous reference frame, which makes this estimation scheme operate unsatisfactorily at high speed.
This paper proposes a DSP-based new on-line dead time compensation strategy of an inverter-fed PMSM drive for a robot arm application. The proposed scheme is based on a signal processing for the harmonic component extraction and is not affected by the parameter variations in PMSM. Using the model reference adaptive control (MRAC) based scheme, the estimation scheme for the disturbance due to the parameter variations is developed. It is not easy to extract the disturbance due to the dead time and inverter nonlinearity from this estimated value. Instead of estimating the q-axis disturbance or extracting the sixth-order harmonic component in the q-axis, the proposed scheme directly uses the phase current information to determine the fifth-order harmonic components caused by the dead time and inverter nonlinearity. To extract the fifth-order harmonic in phase currents, the measured phase currents are processed through the band pass filtering and the transformation of variables into the reference frame rotating at five times synchronous frequency. The proposed scheme does not require a periodic information of current for the harmonic calculation nor parameter information. Also, it gives a faster disturbance estimation performance than the conventional harmonic approach. The entire control system including harmonic analysis is implemented using DSP TMS320F28335. It is verified through the comparative simulations and experiments that the proposed scheme can effectively compensate the dead time and inverter nonlinearity without requiring any additional hardware.
Modeling of PMSM and MRAC-based current control
The stator voltage equations of a PMSM are described as follows [8] : 
and subscript "o" denotes the nominal quantities. To remove the disturbance influencing on the current control performance, the reference voltages in the MRAC-based current control are determined as follows [9] :
where the symbol "*" denotes the reference quantities, the symbol "^" denotes the estimated quantities, and qs u and ds u are the dead-beat type control inputs. When the reference voltages in (4) and (5) are applied to (3), the state equation is rewritten as 
In MRAC technique, (6) 
where
. If an error between the adjustable model and reference model is defined
, the error dynamics can be obtained as follows:
To satisfy the asymptotic stability and parameter convergence, the adaptation laws for the disturbance can be derived from (8).
Compensation of dead time and inverter nonlinearity
To avoid an accidental destruction of the switching device due to shoot-through in the DC link, a dead time is enforced in which both switches in one inverter leg are off before either one is closed. Due to the dead time, the inverter output voltages are distorted according to the conduction of free-wheeling diodes.
The output voltage error in a-phase caused by the dead time and inverter nonlinearity is expressed as follows [1] :
where ) sgn( is a sign function and dead V is obtained as 
The disturbance voltages in the synchronous reference frame caused by the dead time and inverter nonlinearity can be obtained as
K is the dqtransformation, and r  is the electrical rotor angle. Figure 1 shows the disturbance voltages in the synchronous reference frame due to the dead time and inverter nonlinearity at dead V = Figure 1 . Although many works aimed
to directly estimate these disturbance voltages by on-line basis, it is difficult to estimate such parameters accurately because they vary periodically with time.
In this paper, to improve the performance of the conventional observer-based scheme estimating the time-varying disturbance, dead V is chosen for estimation parameter. Also, to reduce the disturbance estimation time in the conventional harmonic approach requiring the acquisition of the full periodic data, the band pass filtering and the transformation of variables at five times synchronous frequency are employed. Using the estimate of dead V , the disturbance voltages in the synchronous reference frame are computed and compensated. In the presence of the dead time and inverter nonlinearity, phase currents have higher-order harmonics as well as the fundamental component. Main harmonic components are in fifth, seventh, eleventh, thirteenth order harmonics and so on, because even or triplen harmonics do not exist in the three-phase inverter. To extract the fifth-order harmonic component in phase currents, a band pass filter is employed. In the continuous time, the second-order band pass filter can be expressed as follows:
where k is the filter gain,  is the bandwidth of the passing band, and c  is the center frequency.
For the digital implementation, (14) is discretized using the bilinear transform method where the Laplace operator s is replaced as follows [10] :
By substituting (15) into (14), the discrete-time pulse transfer function for the second-order band pass filter can be obtained as follows:
, and s T is the sampling period.
Once the measured phase currents are processed through two stages of the discrete-time secondorder band pass filter to obtain the fifth-order harmonic components 
where P k and I k are the proportional and integral gains, respectively.
Using dead Vˆ with (9), (11), and (12), the disturbance voltages in each phase can be obtained as follows:
From (13) with (19)- (21), the disturbance voltages in the synchronous reference frame are determined as
Simulation and experimental results
In this section, the simulation and experimental results are presented to verify the effectiveness of the proposed dead time and nonlinearity compensation strategy for a PWM inverter-fed PMSM drive. Figure 2 shows the overall block diagram for the proposed scheme. The overall system consists of the reference model and adjustable model. The reference model represents an ideal dynamic behavior without the parameter mismatch as well as the dead time and inverter nonlinearity. The adjustable model represents a real dynamic model including the parameter variation, dead time and inverter nonlinearity, which is composed of a controller, a PWM inverter, a PMSM. While the disturbances caused by the parameter variation are compensated by the MRAC scheme, the disturbances caused by the inverter nonlinearity are compensated by the proposed scheme. The obtained estimates qs fˆ, ds fˆ, and dead Vˆ are processed in the controller for compensation.
Figure 2.
Overall block diagram of the proposed scheme Figure 3 shows the configuration of the experimental system consisting of a DSP controller, a PMSM, and a PWM inverter. The whole control algorithms are implemented using 32-bit floating-
point DSP TMS320F28335 with 150MHz clock. DSP TMS320F28335 has 256K word of on-chip flash memory and some peripherals such as an internal 12-bit AD converter and PWM port. The sampling period is set to 100 sec both in the simulations and experiments, which yields a switching frequency of 10 kHz. The PMSM is driven by a three-phase PWM inverter and the reference voltages are applied through the symmetrical space vector PWM technique. The rotor speed and position are detected through a rotary encoder and processed in the internal DSP module with the resolution of 12 bit/rev. The phase currents are detected by the Hall-effect devices and fed to DSP using the internal 12-bit A/D converter. Before the inverter nonlinearity compensation at 0.05 sec, the q-axis, d-axis, and phase currents show errors or harmonic current ripples as a result of the periodic disturbance voltages due to the dead time and inverter nonlinearity. However, as soon as the nonlinearity is compensated, all current errors and harmonic ripples are reduced. Figure 5 shows the disturbance estimation performance caused by the dead-time and inverter nonlinearity for the proposed control scheme. Similarly, the estimation of dead Vˆ starts at t=0.05 sec.
The first figure shows the estimated dead Vˆ and the second figure shows the waveforms of 9 show the experimental results for performance comparison between the proposed scheme and conventional control scheme. Without the dead time compensation, distorted phase currents are observed as a result of the voltage distortion due to the dead time and inverter nonlinearity, where the dominant harmonics except for the fundamental component are the fifth and seventh order harmonic components as shown in Figure 8(b) . However, it is observed that these distorted phase currents are well removed in the proposed scheme due to the effective compensation and the magnitude of the harmonics in fifth and seventh order is much reduced as compared with Figure 8 (b).
Conclusions
A DSP-based new on-line dead time compensation strategy of an inverter-fed PMSM drive for a robot arm application has been proposed. The proposed scheme is based on a signal processing for the
harmonic component extraction and is not affected by the parameter variations in PMSM drive. To extract the fifth-order harmonics in phase currents, the measured phase currents are processed through the band pass filtering and the transformation of variables into the reference frame rotating at five times synchronous frequency. The proposed scheme does not require a periodic information of current for the harmonic calculation nor parameter information. Also, it gives a faster disturbance estimation performance than the conventional harmonic approach. The entire control system has been implemented using DSP TMS320F28335 and the effectiveness of the proposed scheme has been verified through the comparative simulations and experiments. 
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